We report a well-defined, organic, hexagonal nanopillar array on a gold surface. The array was prepared from a cyanuric acid-melamine complex by means of sequential mixing on the gold surface. These nanopillars had uniform diameters of 200-400 nm and were 1 μm in length. They were well faceted with hexagonal cross sections. The nanopillars had a crystalline structure, and the pillars exhibited a layered texture in the longitudinal direction.
The formation of multiple hydrogen bonds between complementary organic molecules has recently been exploited in the molecular self-assembly of well-defined artificial supramolecular structures and materials.
1 These molecular assemblies refer to those that are soluble in water or organic media. A system built by triple hydrogen bonds from cyanuric acid (CA) and melamine (M) derivatives is one of the most widely studied H-bonding systems for self-assemblies.
2 It has been reported that the interaction of cyanuric acid with melamine forms a stable, insoluble CA 3 M complex. This complex was composed of a number of molecular assemblies, one of which was a cyclic CA 3 M 3 rosette assembly 3 ( Figure 1 ). This CA 3 M 3 rosette assembly was the basic structure in a series of reports for the design and synthesis of supramolecular assemblies that were stable in solutions.
With additional weak interactions, such as π-π, hydrophobic, and van der Waals interactions, it is expected that the CA 3 M 3 rosette molecular assemblies can be hierarchically stacked or coordinated into insoluble nano-or microstructures in 3D space. However, the expected hexagonal nanostructures of the CA 3 M complex were never observed. In this work, we report on an assembly approach for forming an array of well-defined hexagonal nanopillars of CA 3 M on a gold surface.
The solubility of the CA 3 M complex is 2.2 mg/L, which corresponds to mixing equal volume of 1.73 Â 10 -5 M melamine and cyanuric acid. Reports have shown that simply mixing cyanuric acid and melamine or other small triazine compounds in solutions did not form well-defined nanostructures 4 because of a large number of hydrogen-bonded motifs in the complexes, including linear tape and crinkled tape 5 ( Figure 1 ). Under two special conditions, two crystalline CA 3 M complexes have been formed. The crystal structure of CA 3 M 3 3HCl was a tape structure. 6 The CA 3 M complex formed from a hydrothermal process had a rosette crystal structure. 7 However, in both cases, the crystals were in plate shapes. No hexagonal structures were observed.
On the basis of the understanding that the rosette structure is geometrically and enthalpically favored over other structures, 8 our objective was to develop methods to assemble cyanuric acid and melamine into well-defined hexagonal nanostructures. We first reexamined a solid precipitated from mixing 0.01 M cyanuric acid and 0.01 M melamine in a 1:1 ratio in water and found that less than 0.01% of these solids did in fact have hierarchically hexagonal structures (Figure 2 ), which was direct evidence of the rosette structure.
Although only trace amounts of the hexagonal structures were observed, their existence indicated that these CA 3 M hexagonal nanostructures may be mass produced should the conditions be well-controlled. Initially, we expected that the amounts of these nanostructures would increase at lower concentrations and lower temperatures because of a slower self-assembly process. However, no obvious increase in the number of hexagonal structures was observed under these conditions. When we mixed cyanuric acid and melamine at lower concentrations on a gold surface, we obtained an array of nearly 100% hexagonal nanopillars of the CA 3 M complex ( Figure 3 ). In this facile, unique approach, 20 μL of a cyanuric acid (or melamine) solution was first cast onto the gold surface; then another 20 μL of the complementary melamine (or cyanuric acid) in 1:1 stoichiometry was added to mix the two chemicals directly on the surface. Water was allowed to evaporate at ambient temperature to yield a white *Phone: 01-215-895-2562. Fax: 01-215-895-1265. E-mail: hj56@drexel.edu. coating on the surface. Control experiments showed that the evaporation of solutions of pure CA or pure M did not form any ordered structures ( Figure S1 in the Supporting Information). However, it should be noted that melamine can form different 2D epitaxial networks on gold, and one of these networks is hexagonal.
9
One of the most distinctive features of these CA 3 M hexagonal nanopillars was that they formed an array of epitaxial, aligned nanopillars that were vertically oriented on the substrate surface, but with a 20 ( 5°tilt angle. The 20°C tilt angle might find support from precedent computational work.
10 These nanopillars had diameters of 200-400 nm and were 1 ( 0.3 μm in length. They were well faceted with hexagonal cross sections (Figure 3) . The density of the nanopillars on the gold surface was approximately 0.1/μm 2 and was not dependent on the mixing sequence of the two chemicals. When the above procedure was repeated three times in the same spot, the nanopillar array was denser and both the diameter and the length of the nanopillars increased as shown in Figure 4 . However, when cyanuric acid and melamine at higher concentrations were mixed on the gold surface, irregular CA 3 M complexes increased ( Figure S2 in the Supporting Information). -4 M in water at pH 7.0 was cast on the gold surface first, followed by the addition of 20 μL of melamine that was 1 Â 10 -4 M in water at pH 7. The substrate was left alone until the water evaporated. The above procedure was repeated three times. The right image shows a side view of the nanopillars. The IR spectra confirmed that the nanopillars are made of a 1:1 mixture of cyanuric acid and melamine (image not shown).
It should be noted that the evaporation of water step is not necessary. Water evaporation resulted in a nanopillar array with a higher density, but the nanopillar could be observed within minutes after mixing the two chemicals on the surface. The CA 3 M complexes nucleate as a thin, hexagonal plate on the gold surface in the onset stage and grow wider and taller after further solvent evaporation. Nanopillars 1 to 3 in Figure 5 correspond to different nucleation stages of growth.
The nanopillars in Figure 3 were dispersed onto a transmission electron microscopy (TEM) grid for structural analysis. TEM results showed that the C 3 M nanopillars ( Figure 6 ) had a crystalline structure and the pillars exhibited a layered texture in the longitudinal direction. The corresponding electron diffraction pattern (Figure 6 inset) showed diffraction spots with 8.84 Å d spacing in the perpendicular direction and 3.31 Å d spacing in the longitudinal nanopillar direction, which suggested that the molecules were oriented with their long axes perpendicular to the pillar and the π-π stacking direction parallel to the pillar. The 8.84 Å distance between two cyanuric acid molecules in a CA 3 M 3 CA arrangement (Figure 1 ) was modeled by Chem3D.
Owing to the crystalline nature, the solubilities of cyanuric acid and melamine are very low in most organic solvents. This limited our investigation of solvent effects on the morphology of the C 3 M nanostructures to several polar solvents, such as ethanol, ethylene glycol, and DMSO. Our experiments showed that no hexagonal C 3 M nanostructures were observed when these solvents were used ( Figure S3 in the Supporting Information). These results indicated that, beside the π-π interaction, the hydrophobic effect may also contribute to the formation of the well-defined C 3 M nanopillar in water. However, the role played by solvent in the crystal growth and morphology may be more complicated 11 and will be further studied in the future. Substrates played a major role in the growth of the C 3 M nanopillars on the substrates and even determined the presence or absence of the nanopillars. The hexagonal nanopillars were formed on the gold and glass surfaces but not on silicon surfaces. On the glass surface, the density of the C 3 M hexagonal nanopillars prepared from 1 Â 10 -4 M solutions was approximately 30/μm 2 , which was much greater than that of 0.1/μm 2 on the gold surface.
The C 3 M nanopillars on the glass surface were shorter (200 nm) and had smaller diameters (50-100 nm) than those on the gold surface. These nanopillars were not as well faceted as those on the gold surfaces ( Figure S4 in the Supporting Information). On the silicon surface, the C 3 M complex did not aggregated to ordered structures ( Figure S5 in the Supporting Information). One possible explanation of these results is that the cyanuric acid and melamine could not nucleate on a silicon surface because of the nonpolar property of the silicon surface. However, the glass surface provided abundant polar hydroxyl sites for faster nucleation of the C 3 M complexes than did the gold surface. Judging from the above results, the gold surface was the most favored nucleation surface for the C 3 M hexagonal nanopillar structures. In summary, we developed an array of well-defined hexagonal nanostructures of a cyanuric acid-melamine complex by means of sequential mixing on a gold surface. The hexagonal nanostructures may be used as building blocks for optical electronics, nanoelectronic devices, heterogeneous catalysis, and nanosensors. The sequential mixing method described herein provides easy control of nanometer-scale structures and represents a simple but significant advance in the functionality of building blocks for nanoscience and nanotechnology. If this sequential mixing method could indeed be used to grow a variety of nanostructure arrays that are self-assembled from organic, inorganic, and organicinorganic hybrid materials, then we would name it the crystallization after mixing on surfaces (CAMS) method because it contains two steps, mixing and crystallization on the surface, simultaneously. For comparison, our preliminary results show that few hexagonal structures on the surface were observed when the two chemicals were mixed in a container before transferring them to the gold surface; this was probably because the self-assembly process was disrupted during the transfer process. A simple term, sequential mixing, does not provide all of the information for the method. CAMS is coincidently an acronym for the cyanuric acid-melamine system (CA 3 M 3 S). We expect that the CAMS method could offer wide opportunities for technological applications because of the capability for the large-scale fabrication of nanometer-sized systems with controllable morphologies and properties. -3 M in water at pH 7.0 was cast onto the gold surface first, followed by the addition of 20 μL of melamine that was 1 Â 10 -3 M in water at pH 7. The water was removed within 5 min after the solutions were mixed. 
